A practical and effective strategy for synthesizing PEGylated Fe 3 O 4 nanomicelles is established. In this strategy, a magnetic fluid of the Fe 3 O 4 nanomicelles was synthesized with amphiphilic PEGylated phospholipid as surfactant and soybean oil as stabilizer under simple mechanical stirring and subsequent ultrasonication. Transmission electron microscope (TEM) measurement indicated that the sample is monodisperse spherical Fe 3 O 4 nanoparticles with internal core size of 9 nm and external nanomicelle shell thickness of 1.5 nm. The final hydrodynamic size of the sample is 19.5 nm and its zeta potential is − 38.5 mV, suggesting good stability of the magnetic nanomicelles in water. To assess the ability of magnetic nanomicelles to escape reticuloendothelial system (RES) uptake, in vitro cell phagocytosis experiments were conducted using murine macrophages (RAW264.7). The results indicated that the PEGylation can effectively prevent the uptake of the nanomicelles by the macrophages. Using a mouse model of 4T1 breast cancer, the nanomicelles provided a good magnetic resonance imaging (MRI) capability to sensitively detect tumor by enhanced permeability and retention (EPR) effect. The PEGylated monodisperse magnetic nanomicelles would become a potential contrast agent for passive targeting diagnosis of tumor by MR imaging.
INTRODUCTION
In the last decade, numerous magnetic nanoparticles (MNPs) with appropriate surface modification have been developed for MRI contrast enhancement and tumor targeting agents, 1 2 magnetic separation, 3 microarray, 4 tissue repair, drug delivery and hyperthermia. 5 Magnetic iron oxide is a different class of contrast agent from gadolinium, 6 while the former can enhance the signal of T1 and T2-weighted images and the latter only provides a contrast effect on T1-weighted images. Thus magnetic iron oxide nanoparticles (MNPs) will become an excellent candidate contrast agent in magnetic resonance imaging and it will play an important role in early diagnosis of tumor. 7 However, in vivo plasma protein adsorption of exogenous MNPs happens easily while they enter the blood circulatory system. The organs which are rich of reticuloendothelial system (RES) such as liver and spleen distinguish and * Authors to whom correspondence should be addressed.
non-specifically phagocytose the inorganic MNPs. The circulation time of MNPs in blood becomes very short so that they cannot be effectively used. 8 Therefore, the biological compatibility of MNPs which prevents the absorption of RES is one of the most important indicators to evaluate whether they could be used in the biomedical field.
In order to prolong the blood circulation time of MNPs, some polymers with good biocompatibility such as dextran, 9 10 chitosan, 11 meso-2,3-dimercaptosuccinic acid, 12 13 polyethylene glycol (PEG), [14] [15] [16] polyethyleneimine (PEI) 17 are modified on the surface of the MNPs to reduce the non-specific phagocytose. Among them, PEG is the most commonly used polymer which has high hydrophilicity and low surface tension. 18 For example, Tromsdorf et al. 8 synthesized a very small PEGylated iron oxide based T1 contrast agent using ligands exchange reaction. Leìtourneau et al. 13 linked meso-2,3-dimercaptosuccinic acid (DMSA) to the surface of magnetic nanoparticles by ligands exchange, followed by modification with PEG polymers. This PEG conjugated magnetic nanoparticles show long-time blood circulation. Also, some researchers 16 19 encapsulated superparamagnetic iron oxide nanoparticles in a PEG-modified phospholipid micelle structure to develop a MRI contrast agent. The hydrophobic portion of the PEG-phospholipid was interacted with the surface of nanoparticles capped with oleic acid (OA) to create micelles, which can effectively reduce the phagocytosis of the nanoparticles in vivo. Micelles, amphiphilic compound formed colloidal particles with hydrophobic core and hydrophilic surface, are able to provide a lot of advantages of smaller size, drug loading, bioavailability and easy to be prepared. 15 The classic rotary evaporation method [19] [20] [21] has frequently been used to transform oil phase of magnetic nanoparticles to the aqueous solution. The procedure is to mix the oil phase (e.g., OA coated magnetic nanoparticles involved) and aqueous phase (e.g., the surfactant of lipid involved) together, and then to remove the organic solvent by rotary evaporation. Relative to the rotary evaporation method with complex process, we present a facile and simple way of stirring and ultrasound to modify the PEG-phospholipid onto the surface of the OA coated magnetic nanoparticles (Fe 3 O 4 @OA) to get a stable nanomicelles aqueous solution (Fe 3 O 4 @OA@PEG). By optimizing reaction parameters, a magnetic fluid of nanomicelles with a relatively small hydrodynamic size is obtained. The cell phagocytosis in vitro experiments were carried out to determine the PEGylation can effectively prevent the uptake of the nanomicelles by the macrophages. Then in vivo MRI experiments were performed to demonstrate the passive targeting and contrast ability in a tumor-bearing mouse model at a relatively low dose of magnetic nanomicelles.
MATERIALS AND METHODS

Materials
Acetone, hexane, ethanol, triethylamine, chloroform, dimethyl sulfoxide (C 2 H 6 OS), acetic acid (HAc), anhydrous sodium acetate (NaAc) were commercial products purchased from Sinopharm Chemical Reagent Co. Ltd. China. Oleic acid (chemical pure) was purchased from Shanghai Lingfeng Chemical Reagent Co. Ltd. China. Distearoyl phosphatidyl ethanolamine-polyethylene glycol 2000 (DSPE-PEG2000) were injection grade and purchased from Ai Waite Pharmaceutical Technology Co. Ltd. China. Soybean oil was pharmaceutical-grade and purchased from Aladdin Reagent Co. Ltd. All reagents were used without any further treatment. Deionized water was produced by Aquapro water purification machine (EDI1-1001-U, Yiyang, China).
Synthesis of the Fe 3 O 4 @OA@PEG Nanomicelles
The Fe 3 O 4 @OA magnetic nanoparticles, used as magnetic cores, were prepared by thermal decomposition method according to our previous procedure. 22 The obtained Fe 3 O 4 @OA was precipitated from the hexane solution with acetone, and then transferred into a small amount of chloroform to give a certain concentration of 30 mg Fe/mL and 15 mg Fe/mL. DSPE-PEG2000 was dissolved in chloroform with a concentration of 100 mg/mL. Soybean oil in chloroform (500 mg/mL) was prepared. The preparation method was to mix the Fe 3 O 4 @OA chloroform solution, DSPE-PEG2000 chloroform solution and soybean oil chloroform solution uniformly. Then the mixture was added to 20 mL of boiling water drop wise under vigorous stirring (2000 r/min) for 30 min. After the organic solvent was evaporated completely and the solution was cooled to room temperature, the reaction mixture was dispersed by the ultrasonication (VCX 750, Sonics, America). In this experiment, four different dosages (0 L, 10 L, 20 L and 30 L) of soybean oil were applied to the sample. The ultrasonication time was also discussed. The final sample was filtered by 220 nm membrane and stored at 4 C.
Characterization
The core size and morphology of the Fe 3 O 4 @OA magnetic nanoparticles and the Fe 3 O 4 @OA@PEG nanomicelles were characterized by a transmission electron microscopy (TEM, JEM-200CX, JEOL, Tokyo, Japan) operating at 120.0. The negative staining with phosphotungstic acid was applied to obtain high quality results. 23 The hydrodynamic diameters and zeta potential of the Fe 3 O 4 @OA@PEG samples were measured with a particle size analyzer (Malvern Zetasizer, UK).
In Vitro Cytotoxicity Test
The murine macrophages cell (RAW264.7) was obtained from the Shanghai Cell Bank (Type Culture Collection Committee, Chinese Academy of Science, China). The cell was cultured in DMEM media (Gibco, Carlsbad, CA) containing 10% fetal bovine serum (FBS, Gibco), 100 g/mL penicillin streptomycin, 100 g/mL glutamine and 100 g/mL sodium pyruvate with 5% CO 2 at 37 C and 100% humidity.
The cytotoxicity of the Fe 3 O 4 @OA@PEG nanomicelles is determined by MTT assay. The absorbance values of MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) assay were measured at 490 nm by a microplate reader (BIO-RAD 680). Briefly, the RAW264.7 macrophages of passage 3 or 4 were plated with 5 × 10 3 cells in each well of a 96-well plate for about 10 h. After that, the culture medium was replaced with 100 L of medium containing series of concentrations of nanomicelles at 37 C for 24 h (n = 5). Then cells were incubated with 80 L RPMI 1640 medium and 20 L 0.5 g/L MTT for 4 hours. 150 L DMSO was added to dissolve the formazan crystals which were formed from the reaction of viable cells and MTT. 22 were used as a control. After 2 h (6 h, 12 h) of co-culture, each well was washed with PBS for 3 times, and then treated with 1 mL of 4% paraformaldehyde solution for 30 min to fix the cells, and finally washed with PBS for 3 times. The uptake effect of nanomicelles by RAW264.7 cells was investigated through staining of Prussian blue. 24 2 mL of 2% potassium ferricyanide solution and equal volume of 6% hydrochloric acid solution was incubated with the cells for 30 min. The cells were observed on a microscope after staining with nuclear fast red.
Relaxivity Measurement
The transverse relaxivity value of the Fe 3 O 4 @OA@PEG was measured on a clinical 1.5 T MR scanner (Avanto, Siemens, Germany) according to literature. 22 A multi-echo spin-echo sequence (16 echoes; repetition time (TR) = 2500 ms; echo time (TE) = 22-352 ms) was used to measure T2 relaxation times. Ten different Fe concentration samples were tested for the T2 weighted images for the Fe 3 O 4 @OA@PEG. By computing the signal intensity in a 0.3 cm 2 region of interest on the image, T2 relaxation time was obtained. The slope of 1/T2-C (C is the concentration of Fe) fitted line was the transverse relaxivity (r2).
In Vivo MR Imaging
The BABL/c mice were purchased from the Model Animal Research Center of Nanjing University. All animal care and experimental procedures were performed according to the Guideline for Animal Experimentation with the approval of the animal care committee of the Southeast University.
The murine breast carcinoma cell (4T1 cell) was obtained from the Shanghai Cell Bank (Type Culture Collection Committee, Chinese Academy of Science, China). The 4T1 cell was cultured in RPMI 1640 medium (Gibco) containing 10% fetal bovine serum (FBS, Gibco), 100 g/mL penicillin streptomycin, 100 g/mL glutamine and 100 g/mL sodium pyruvate with 5% CO 2 at 37 C and 100% humidity. The medium was changed every day.
The experimental model of the tumor was established as follows, 4T1 tumor cells (∼5 × 10 6 cells per mouse) were inoculated subcutaneously into the proximal thigh region of BABL/c mice (4-6 weeks, female, 18-20 g). MR images were taken on a 7 Tesla Micro-MRI Scanner (PharmaScan, Brukers, Germany) using T2 * flash sequence. The nanomicelles were injected to the mouse through the tail vein at a dose of 7 mg Fe per kg body weight. Three mice were examined for this experiment. A circular surface coil of 3.8 cm was used for in vivo signal reception. The parameters were FOV = 100 mm 2 , TR/TE = 408 ms/ 3.5 ms, matrix size = 256 × 256, slice thickness = 1 mm.
Histological Distribution Study
To further verify the MRI results, all animals were sacrificed for histology distribution study. The tumor tissues from the mice were the main area for histological analysis. The distribution of nanomicelles in other organs, such as liver, kidney, heart, lung and spleen, was also detected by fixing them overnight in 4% neutral buffered formaldehyde. And then the tissues were embedded in to paraffin. After sectioning at a thickness of 3 m, they were stained successively by Prussian blue staining for ferric ions and nuclear fast red staining for the cell nucleus. All sections were examined by optical microscopy (Axiovert 200, zeiss, Germany).
RESULTS AND DISCUSSION
The Influence of Main Parameters
During the Emulsification Reaction Hydrodynamic size is the main factor which influences the blood half-life and biodistribution of nanomicelles in the body. 25 The smaller nanomicelles are supposed to have a longer blood-circulation time. When varying the reaction parameters, such as the dosage of soybean oil and ultrasonication time, the corresponding change in the resulting hydrodynamic size of the Fe 3 O 4 @OA@PEG nanomicelles took place. Herein, their influences on hydrodynamic size were studied.
Soybean oil was chosen as an emulsion stabilizer in this experiment. The role of soybean oil in the whole reaction system was studied. Firstly, the micellar hydrodynamic size without using soybean oil was measured. After mechanical stirring, the samples were dispersed by the ultrasonication for 25 min. The micellar hydrodynamic size without soybean oil was about 50 nm. When adding soybean oil to the reaction system, the hydrodynamic size of the Fe 3 O 4 @OA@PEG nanomicelles was reduced obviously. A very small hydrodynamic size of 21 nm was achieved using soybean oil dosage of 10 L. And with increasing the dosage of soybean oil, the hydrodynamic size was increased gradually. Probably, a certain amount of DSPE-PEG200 formed a few nanomicelles with hydrophobic cores which wrapped all the soybean oil in them when the soybean oil dosage is large, while reducing the dosage of soybean oil, the nanomicells possess smaller hydrodynamic size. This study indicates soybean oil plays a critical role in the reaction system, which determines the final hydrodynamic size of nanomicelles.
The ultrasonication is used to homogenize the obtained nanomicelles by mechanical stirring. Various parameters in the ultrasonic process (such as ultrasonic time, ultrasonic intensity) will affect the final nanomicellar hydrodynamic size. Here, 10 L of soybean oil was chosen according to the above experiment results. The concentration of the Fe 3 O 4 @OA chloroform solution was changed from 30 to 15 mg Fe/mL. After mechanical stirring, the samples were dispersed by the ultrasonication for 25 min. During the ultrasonication, samples were taken every 5 min to measure their hydrodynamic size.
The magnetic nanomicellar hydrodynamic size decreased from 47.1 nm to 19.5 nm with the increase of ultrasonication time. This regularity was proved by repeated trials. In addition, when concentration of oil phase Fe 3 O 4 @OA was reduced from 30 to 15 mg Fe/mL and other parameters remained unchanged, the nanomicellar hydrodynamic size was changed from 21 to 19. 
The Characterization of the Optimal
Fe 3 O 4 @OA@PEG Nanomicelles The core material was the Fe 3 O 4 @OA magnetic nanoparticles, which show a narrow size distribution as confirmed by TEM in Figure 1(A) . After the negative staining with phosphotungstic acid, the morphology of the Fe 3 O 4 @OA@PEG nanomicelles was investigated (Figs. 1(B) and (C) ). It can be seen that only with mechanical stirring the obtained nanomicelles were polydisperse, and one or more particles were encapsulated in a nanomicelle ( Fig. 1(B) ). After ultrasonicaction, the Fe 3 O 4 @OA nanoparticles with PEGylated coating became monodisperse ( Fig. 1(C) ). The internal core size of the monodisperse spherical nanoparticles was 9 nm (Fig. 1(D) ). The size of magnetic nanomicelles was 12 nm with an external micellar shell thinkness of 1.5 nm, which was quite consistent with the thickness of phospholipid membranes (∼ 1.5 nm). 26 It means that the DSPE-PEG-2000 coated on the surface of nanomicelles exists in the form of monolayer.
According to the TEM results, the formation mechanism of the Fe 3 O 4 nanomicellers is suggested in Scheme 1. The oil in water (O/W) nanomicelles with large size was firstly formed under stirring and boiling conditions containing surfactant DSPE-PEG2000, soybean oil, the Fe 3 O 4 @OA magnetic nanoparticles and chloroform in water. They were decreased after the evaporating of chloroform. The hydrophilic end of DSPE-PEG2000 was exposed at the surface of nanomicelles, while soybean oil and DSPE-PEG2000 hydrophobic group constituted the hydrophobic interior, and the magnetic Fe 3 O 4 @OA nanoparticles were encapsulated inside. Only with mechanical stirring, nanomicelles involving one or more Fe 3 O 4 @OA nanoparticles were formed with larger sizes and the homogeneity of the resulting nanomicelles was poor ( Fig. 1(B) ). This heterogeneity led to a poor stability of the sample directly. After using ultrasonication, the nanomicelles with larger size were broken and reassembled to form monodisperse magnetic nanoparticle nanomicelles ( Fig. 1(C) ).
Superparamagnetic nanoparticles agents with hydrodynamic size larger than 40 nm (such as a commercial product of Feridex ® with diameter of 80-150 nm) are used for liver imaging. Smaller ones with hydrodynamic size less than 40 nm have a longer blood halflife, and are selected for lymph node imaging (Such as Combidex with diameter of 20-40 nm). 27 As shown in Figure 2 (A), the nanomicellar hydrodynamic size is 19.5 nm, which is smaller than 40 nm as expected. 28 The zeta potential of the samples was measured to be averaging − 38.5 mV by three measurements (Fig. 2(B) ), attributed to the negative charge of phosphate groups in the DSPE-PEG2000 molecules. The nanomicelles with good stability whose zeta potential absolute value is more than 30 mV has been demonstrated. 29 30 Therefore, the obtained Fe 3 O 4 @OA@PEG nanomicelles have good stability. The long-term stability was also examined by monitoring hydrodynamic size change with time, as shown in Figure 3 . The hydrodynamic size of this sample was kept between 20-35 nm in six weeks. Its polydispersity index was under 0.2. It is obvious that the sample has a good stability during this period of time, which laid a foundation for the subsequent application.
Superparamagnetic Fe 3 O 4 nanoparticles modified by polymers can be used as T2-type MRI negative contrast agents. Some of them are commercially available according to the previous reports. 31 The transverse relaxivity of Fe 3 O 4 nanoparticles are determined by their size, surface modification, crystallinity and aggregation state. 32 33 Here, the transverse relativity (r2) of the Fe 3 O 4 @OA@PEG nanomicelles was measured by a liner relationship between transverse relaxation rate (1/T2) and concentrations of nanomicelles (calculated in terms of Fe atoms) (Fig. 4) nanoparticles (as a control) for 2 h, 6 h and 12 h, respectively. Then the cells were washed with PBS, fixed with paraformaldehyde and stained with Prussian blue. 29 If the uptake of Fe 3 O 4 happened, the cells will be stained blue in the cytoplasma. It was obvious in Figure 5 , the macrophages incubated with Fe 3 O 4 @DMSA were stained blue, which means these nanoparticles can be easily phagocytized by RAW264.7 cells. In contrast, there is no blue color detected in the cells incubated with the Fe 3 O 4 @OA@PEG nanomicelles, no matter the incubating time is 2 h or as long as 12 h. This suggests that these PEG modified nanomicelles would effectively prevent the RES uptake in vivo.
MTT was used to test the cytotoxicity of the Fe 3 O 4 @OA@PEG using RAW264.7 cells in a series of doses from 20 to 100 g Fe/mL. As shown in Figure 5 (H), the treatment of RAW264.7 cells with the Fe 3 O 4 @OA@PEG nanomicelles does not cause significant cytotoxicity at the concentrations tested.
In Vivo MR Imaging and Histological Distribution
In order to assess the application of the Fe 3 O 4 @OA@PEG nanomicelles as a MRI negative contrast agent in cancer imaging, the in vivo experiments were performed. The tumor model was prepared by subcutaneous injection of 4T1 cells into the proximal thigh region of the mice. The Fe 3 O 4 @OA@PEG nanomicelles were diluted in pH = 7.4 normal saline solution with a concentration of 2 mg Fe/mL. Then, it was injected via tail vein with a dose of 7 mg Fe per kilogram body weight. The dosage of the Fe 3 O 4 @OA@PEG nanomicelles used in this experiment is comparatively lower than that used in recently published work. [36] [37] [38] For T2 * -weighted images, the negative enhancement effect was obvious from the changes between pre-injection and 4 h post-injection (Fig. 6) . As it showed, after 2 h post-injection, the dark regions of the tumor sites were clearly observed. When the time was prolonged to 4 h post-injection, the signal intensity in the tumor area was further decreased to form darker regions. These obvious T2-negtive effects suggested that the Fe 3 O 4 @OA@PEG nanomicelles can be a potential T2-type MRI contrast agent in cancer imaging depending on its remarkable EPR effect. In a certain circumstance (e.g., solid tumor), the blood vessel becomes more permeable than normal ones. As a result, the nanomicelles can enter the interstitial space of tumor. The EPR effect is the principal mechanism for accumulation of nanomicelles in solid tumor, which enhance the selective distribution of nano-contrast agents. 39 As shown in Figure 7 , the existence of the Fe 3 O 4 @OA@PEG nanomicelles in tumor tissues and other organs was examined. The Fe 3 O 4 @OA@PEG nanomicelles can be accumulated in the tumors and stained by blue colors. There were no significant blue colors in the heart, lung and kidney, which means the Fe 3 O 4 @OA@PEG nanomicelles of non-toxicity to these organs. However, blue colors can be seen in the liver and spleen for the accumulation of RES. 40 All the results demonstrate that the Fe 3 O 4 @OA@PEG nanomicelles can be passively targeted to tumors.
CONCLUSIONS
The Fe 3 O 4 @OA@PEG magnetic nanomicelles have been successfully prepared by simple mechanical stirring and subsequent ultrasonication. By optimizing the reaction parameters, the Fe 3 O 4 @OA @PEG nanomicelles in aqueous solution were synthesized with small hydrodynamic size of 19.5 nm and the zeta-potential of − 38.5 mV, which suggests its good stability in aqueous medium. The in vitro experiments demonstrate that the Fe 3 O 4 @OA@PEG nanomicelles exhibit low cytotoxicity and high resistance to phagocytosis by macrophages.
And in vivo MR imaging shows the good efficiency of tumor imaging at a relatively low dosage. Therefore, the Fe 3 O 4 @OA@PEG nanomicelles prepared in our strategy are a promising candidate as MRI contrast agent.
